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We investigate the problem of perturbative reheating and its effects on the evolution of the curva-
ture perturbations in tachyonic inflationary models. We derive the equations governing the evolution
of the scalar perturbations for a system consisting of a tachyon and a perfect fluid. Assuming the
perfect fluid to be radiation, we solve the coupled equations for the system numerically and study
the evolution of the perturbations from the sub-Hubble to the super-Hubble scales. In particular,
we analyze the effects of the transition from tachyon driven inflation to the radiation dominated
epoch on the evolution of the large scale curvature and non-adiabatic pressure perturbations. We
consider two different potentials to describe the tachyon and study the effects of two possible types
of decay of the tachyon into radiation. We plot the spectrum of curvature perturbations at the end
of inflation as well as at the early stages of the radiation dominated epoch. We find that reheating
does not affect the amplitude of the curvature perturbations in any of these cases. These results
corroborate similar conclusions that have been arrived at earlier based on the study of the evolution
of the perturbations in the super-Hubble limit. We illustrate that, before the transition to the radi-
ation dominated epoch, the relative non-adiabatic pressure perturbation between the tachyon and
radiation decays in a fashion very similar to that of the intrinsic entropy perturbation associated
with the tachyon. Moreover, we show that, after the transition, the relative non-adiabatic pressure
perturbation dies down extremely rapidly during the early stages of the radiation dominated epoch.
It is these behavior which ensure that the amplitude of the curvature perturbations remain unaf-
fected during reheating. We also discuss the corresponding results for the popular chaotic inflation
model in the case of the canonical scalar field.
PACS numbers: 98.80.Cq
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I. EFFECTS OF INFLATIONARY AND POST-INFLATIONARY DYNAMICS ON THE EVOLUTION
OF THE SUPER-HUBBLE PERTURBATIONS
In the standard inflationary scenario, the scales of cosmological interest exit the Hubble radius within the first few
(about 8-10) e-folds of inflation and, hence, are outside the Hubble scale during the later epochs. When comparing the
predictions of the inflationary models with the Cosmic Microwave Background (CMB) and the large scale structure
data, it is often assumed that the amplitude of the curvature perturbations remain constant at super-Hubble scales. In
such a situation, the observed CMB anisotropies directly determine the amplitude and the shape of the perturbation
spectrum imprinted on the modes when they left the Hubble radius during inflation. Typically, the amplitude of the
perturbations constrain the parameters that describe the inflaton potential, while the shape of the spectrum limits
its form (see any of the standard texts [1] or one of the following reviews [2]).
Provided inflation is of the slow roll type for all of the required number of e-folds, it is indeed true that the amplitude
of the curvature perturbations freeze at their value at Hubble exit. However, if there is a period of deviation from
slow roll inflation, then the asymptotic (i.e. the extreme super-Hubble) amplitude of the modes that leave the Hubble
radius just before the deviation are enhanced when compared to their value at Hubble exit [3]. While modes that
leave well before the deviation remain unaffected, it is found that there exists an intermediate range of modes whose
amplitudes are actually suppressed at super-Hubble scales [4, 5]. Depending on the form of the departure from slow
roll, these effects lead to certain features in the scalar perturbation spectrum. If such deviations occur either during or
soon after the cosmological scales leave the Hubble radius, then the CMB observations constrain the resulting features
rather well (for an inexhaustive list, see Ref. [6]). But, at smaller scales, only theoretical tools are currently available
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2to restrict the form of the primordial spectrum. These constraints are essentially based on the number density of
primordial black holes that are formed towards the end of inflation (for recent discussions in this context, see, for
example, Ref. [7]).
Since the cosmological scales are well outside the Hubble radius by the early stages of inflation, clearly, the shape
of the perturbation spectrum on such large scales is indeed unlikely to be affected by subsequent dynamics. But,
over the past decade, it has been recognized that post-inflationary dynamics can alter the amplitude of the curvature
perturbations at super-Hubble scales, in particular, when more than one component of matter is present. Preheating,
the curvaton scenario and the modulated reheating mechanism are popular examples that illustrate the interesting
possibilities of post-inflationary dynamics. Preheating—a mechanism that transfers energy from the inflaton to
radiation through an explosive production of quanta corresponding to an intermediate scalar field—is known to even
lead to an exponential growth in the amplitude of the super-Hubble perturbations (for the earlier discussions, see
Ref. [8] and, for more recent efforts, see, for instance, Ref. [9]). In the curvaton scenario, while the inflationary epoch
still remains the source of the perturbations, these perturbations are amplified after inflation due to the presence of
entropic perturbations (see, for example, Ref. [10]). The modulated reheating scenario is an extreme case wherein
inflation is essentially required only to resolve the horizon problem, whereas the perturbations are generated due
to an inhomogeneous decay rate when the energy is being transferred from the inflaton to radiation through other
fields [11–13]. These different alternatives indicate that the post-inflationary evolution of the large scale curvature
perturbations can be highly model dependent and, therefore, requires a careful and systematic study. Evidently,
in these scenarios, the effects of post-inflationary dynamics have to be taken into account when constraining the
inflationary models using the CMB observations (in this context, see, for instance, Ref. [14]).
With these motivations in mind, in this paper, we investigate the problem of the more conventional (perturbative)
reheating scenario [15–17], and its effects on the evolution of the curvature perturbations in tachyonic inflationary
models (for the original discussions on the tachyon, see Refs. [18, 19]; for efforts on treating the tachyon as an inflaton,
see, for instance, Refs. [20–22]; for discussions on reheating in such inflationary models, see Refs. [23, 24]). We shall
consider two types of potentials to describe the tachyon and construct scenarios of transition from inflation to radiation
domination for the following two possible cases of the decay rate Γ of the tachyon into radiation: (i) a constant, and
(ii) dependent on the tachyon. We solve the coupled equations for the system numerically and study the evolution of
the perturbations from the sub-Hubble to the super-Hubble scales. Importantly, we shall consider the effects of the
transition from inflation to the radiation dominated epoch on the evolution of the large scale (i.e. those that correspond
to cosmological scales today) curvature and non-adiabatic pressure (i.e. the intrinsic entropy as well as the relative
entropy or the isocurvature) perturbations. We shall evaluate the spectrum of curvature perturbations at the end of
inflation as well as at the early stages of the radiation dominated epoch. As we shall illustrate, reheating does not
affect the amplitude of the curvature perturbations in any of these cases. We shall also show that, before the transition
to the radiation dominated epoch, the relative non-adiabatic pressure perturbation between the tachyon and radiation
decays in a fashion very similar to that of the intrinsic entropy perturbation associated with the tachyon. Moreover, we
demonstrate that, after the transition, the relative non-adiabatic pressure perturbation dies down extremely rapidly
during the early stages of the radiation dominated epoch. It is these behavior which ensure that the amplitude of the
curvature perturbations remains unaffected during reheating. Our results corroborate similar conclusions that have
been arrived at earlier in the literature based on the study of the evolution of the perturbations in the super-Hubble
limit [11]. We shall also discuss similar effects in the case of the canonical scalar field.
A few clarifying remarks are in order at this stage of the discussion. We should stress that the set up we are
considering is the standard cold inflationary scenario, followed by an epoch of reheating achieved by the standard
method of introducing a coarse-grained decay rate in the equation of motion describing the inflaton [15, 16]. Recently,
an analysis somewhat similar to what we shall consider here has been studied in the context of warm inflationary
scenarios involving tachyonic fields [25]. Though there can exist similarities in the form of the equations in the cold
and the warm inflationary scenarios, the physics in these two scenarios are rather different (for a recent discussion, see,
for example, Ref. [26]). Moreover, to analyze the effects of reheating on the large scale perturbations, one could have
possibly studied the evolution of the perturbations in the super-Hubble limit, say, the first order (in time) differential
equations usually considered in the literature (cf. Refs. [11, 12, 27]). However, some concerns have been raised that
the coupling between the inflaton and radiation may affect the amplitude as well as the scalar spectral index in certain
situations [16, 17]. Also, the modified background dynamics preceding reheating can effect the extent of small scale
primordial black holes that are formed towards the end of inflation. If we are to address such issues, it requires that we
study the evolution of the perturbations from the sub-Hubble to the super-Hubble scales. We shall comment further
on some of these points in the concluding section.
The remainder of this paper is organized as follows. In the following section, we shall summarize the essential
background equations for the system consisting of the tachyon and a perfect fluid and set up scenarios of transition
from inflation to radiation domination. In Sec. III, we shall obtain the equations describing the scalar perturbations for
the system of the tachyon and a perfect fluid. In Sec. IV, we shall evolve the coupled system of equations describing
3the perturbations and study the effects of the transition from inflation to the radiation dominated epoch on the
super-Hubble curvature perturbations. We shall plot the spectrum of curvature perturbations at the end of inflation
as well as at the early stages of the radiation dominated epoch. We shall also explicitly illustrate that the intrinsic
entropy perturbation associated with the tachyon and the relative non-adiabatic pressure perturbation between the
tachyon and radiation decay in a similar fashion before and after the transition to the radiation dominated epoch.
It is the behavior of these non-adiabatic pressure perturbations which ensure that the amplitude of the curvature
perturbations remains unaffected during reheating. Finally, in Sec. V, we conclude with a summary and a discussion
on the results we have obtained. In the appendix, we shall discuss the corresponding results for the chaotic inflation
model in the case of the canonical scalar field.
The notations and conventions we shall adopt are as follows. We shall set ~ = c = 1, but shall display G explicitly,
and define the Planck mass to be M
Pl
= (8 πG)
−1/2
. We shall work with the metric signature of (+,−,−,−). We
shall express the various quantities in terms of the cosmic time t, and we shall denote differentiation with respect
to t by an overdot. While we shall use the subscript i to denote the spatial components of, say, the momentum flux
associated with the matter fields, the subscripts α and β shall refer to the two components of matter.
II. THE TRANSITION FROM TACHYON DRIVEN INFLATION TO THE RADIATION DOMINATED
EPOCH
In this section, we shall discuss the background equations describing the evolution of the tachyon that is interacting
with a perfect fluid. Assuming the perfect fluid to be radiation, we shall construct scenarios of transition from tachyon
driven inflation to radiation domination for the following two possible types of the decay rate Γ [cf. Eq. (8) below] of
the inflaton into radiation: (i) a constant, and (ii) dependent on the tachyon [11].
A. Background equations in the presence of interacting components
Consider a (3+1)-dimensional, spatially flat, smooth, expanding, Friedmann universe described by the line element
ds2 = dt2 − a2(t) dx2, (1)
where t denotes the cosmic time and a(t) is the scale factor. Let ρ and p denote the total energy density and the total
pressure of a system consisting of multiple components of fields and fluids that are driving the expansion. Then, the
Einstein’s equations corresponding to the above line-element lead to the following Friedmann equations for the scale
factor a(t):
H2 =
(
8 πG
3
)
ρ and H˙ = − (4 πG) (ρ+ p) , (2)
where H = (a˙/a) is the Hubble parameter. Also, the conservation of the total energy of the system leads to the
continuity equation
ρ˙+ 3H (ρ+ p) = 0. (3)
The total energy density and the total pressure of the system can be expressed as the sum of the energy density ρ
α
and the pressure p
α
of the individual components as follows:
ρ =
∑
α
ρ
α
and p =
∑
α
p
α
. (4)
If the different components of fields and fluids do not interact, then, in addition to the total energy density, the energy
density of the individual components will be conserved as well. Hence, in such a situation, the energy density ρ
α
of
each component will individually satisfy the continuity equation
ρ˙
α
+ 3H (ρ
α
+ p
α
) = 0. (5)
On the other hand, when the different components interact, the continuity equation for the individual components
can be expressed as (see, for instance, Refs. [11, 28, 29])
ρ˙
α
+ 3H (ρ
α
+ p
α
) = Q
α
, (6)
4where Q
α
denotes the rate at which energy density is transferred to the component α from the other components.
The conservation of the energy of the complete system then leads to the following constraint on the total rate of
transfer of the energy densities: ∑
α
Q
α
= 0. (7)
B. The case of the tachyon and a perfect fluid
Let us now consider the system of a tachyon (which we shall denote as T ) that is interacting with a perfect fluid
(referred to, hereafter, as F ), so that α = (T, F ). We shall assume that the rate at which energy density is transferred
to the perfect fluid, i.e. Q
F
, is given by [24]
Q
F
= Γ T˙ 2 ρ
T
, (8)
where ρ
T
is the energy density of the tachyon. Such a transfer of energy is assumed to describe—albeit, in a course
grained fashion—the perturbative decay of the tachyon into particles that constitute the perfect fluid. The quantity Γ
represents the corresponding decay rate and, as we shall discuss below, it can either be a constant or depend on the
tachyon [11].
For the above Q
F
, the continuity equation (6) corresponding to the perfect fluid is given by
ρ˙
F
+ 3H (1 + w
F
) ρ
F
= Γ T˙ 2 ρ
T
, (9)
where w
F
= (p
F
/ρ
F
) is the equation of state parameter describing the perfect fluid, which we shall assume to be a
constant. Also, it is evident from Eq. (7) that
Q
T
= −Q
F
= −Γ T˙ 2 ρ
T
. (10)
Therefore, the continuity equation for the tachyon energy density ρ
T
reduces to
ρ˙
T
+ 3H (ρ
T
+ p
T
) = −Γ T˙ 2 ρ
T
, (11)
where p
T
is the pressure associated with the tachyon. Given a potential V (T ) describing the tachyon, the corresponding
energy density ρ
T
and pressure p
T
are given by (see, for instance, Refs. [4, 21, 22])
ρ
T
=
(
V (T )√
1− T˙ 2
)
and p
T
= −V (T )
√
1− T˙ 2 . (12)
On substituting these two expressions in the continuity equation (11), we arrive at the following equation of motion
for the tachyon T [24]: (
T¨
1− T˙ 2
)
+ 3H T˙ + Γ T˙ +
(
V
T
V
)
= 0, (13)
where V
T
≡ (dV/dT ).
Before we proceed, the following clarification on the choice of Q
F
in Eq. (8) is in order at this stage of the discussion.
Recall that, in a situation wherein the canonical scalar field, say φ, drives inflation, it is common to introduce a (Γ φ˙)
term in the field equation to describe the perturbative decay of the inflaton [see Refs. [1, 2, 15–17], also see Eq. (A4)].
Motivated by the canonical case, the choice of Q
F
in Eq. (8) has been specifically made so as to lead to the (Γ T˙ ) term
in the equation of motion (13) for the tachyon [24]. Needless to add, the choice (8) is but one of the many possibilities
that can help in achieving reheating at the end of inflation.
C. Tachyonic inflationary models, different possible Γ and reheating
In this sub-section, assuming the perfect fluid to be radiation with w
F
= (1/3), we shall construct specific scenarios
of transition from tachyon driven inflation to an epoch of radiation domination.
We shall consider two different types of potentials in order to describe the tachyon.
5• The first potential we shall consider is given by
V1(T ) =
(
λ
cosh (T/T
0
)
)
, (14)
a potential that is well motivated from the string theory perspective [19].
• Our second choice will be the following phenomenologically motivated power law potential that has been con-
sidered earlier in the literature (see, for example, Ref. [21]):
V2(T ) =
(
λ
1 + (T/T
0
)4
)
. (15)
In order to achieve the necessary amount of inflation and the correct amplitude for the scalar perturbations, suitable
values for the two parameters λ and T
0
that describe the above potentials can be arrived at as follows. Firstly,
one finds that, in these potentials, inflation typically occurs around T ≃ T
0
corresponding to an energy scale of
about λ1/4. Secondly, it turns out that, the quantity (λT 2
0
/M2
Pl
) has to be much larger than unity for the potential
slow roll parameters to be small and thereby ensure that, at least, 60 e-folds of inflation takes place. Therefore, one
first chooses a sufficiently large value of (λT 2
0
/M2
Pl
) by hand in order to guarantee slow roll. The COBE normalization
condition for the scalar perturbations then provides the second constraint, thereby determining the values of both the
parameters λ and T
0
[21].
In the absence of the fluid, we find that the two potentials V1(T ) and V2(T ) above allow about 60 e-folds of slow
roll inflation and lead to the correct COBE amplitude for the choice of the parameters and initial conditions listed in
Table I. Also, in such a situation, it is known that, at the end of inflation, the tachyon leads to an epoch of dust like
Potential λ T
0
(Ti/T0) T˙i
V1(T ) 10
−6 105 5.81 0.1
V2(T ) 10
−5.15 3.7× 104 4.56 0.1
TABLE I: Achieving inflation: The values for the parameters of the tachyon potential and the initial conditions for the inflaton
(the initial value Ti of the tachyon and its initial velocity T˙i) that we work with. These choices for the parameters and initial
conditions lead to the required 60 e-folds of slow roll inflation and the observed amplitude for the scalar perturbations.
behavior [20, 21], thereby making a radiation dominated epoch difficult to achieve. However, as we shall illustrate
below, when the tachyon is interacting with the fluid, we can ensure that a transition from inflation to the radiation
dominated regime occurs with a suitable choice of the amplitude for the decay rate Γ.
As we mentioned before, we shall consider the following two possible choices for the decay rate Γ: (i) Γ1 = A =
constant, and (ii) Γ2 = Γ(T ). We shall work with the following specific form of Γ(T ):
Γ2 = Γ(T ) = A
(
1− B tanh [(T − C) /D]
)
, (16)
where A, B, C and D are constants that we shall choose suitably to achieve the desired evolution. (It turns out
that the above form of Γ(T ) prove to be convenient in the numerical calculations, helping us illustrate the required
behavior. We shall comment further on this choice in the concluding section.) We find that a transition from inflation
to radiation domination can be achieved provided the amplitude of Γ (viz. A) is chosen to be less than the Hubble
parameter H (which is almost a constant) during the epoch of slow roll inflation. In Table II, we have listed the
values of the initial energy density of radiation (viz. ρi
γ
) and the various parameters describing the decay rates (for
the tachyon, we have used the same values listed in Table I) that lead to about 60 e-folds of slow roll inflation, the
correct scalar amplitude, while also reheating the universe within 2-3 e-folds after the end of inflation. In the left
column of Fig. 1, we have plotted the fractional contributions (with respect to the total energy density) of the energy
densities of the tachyon and radiation, i.e. Ω
T
= (ρ
T
/ρ) and Ω
γ
= (ρ
γ
/ρ), as a function of the number of e-folds N
for the potential V1(T ). It is evident from the figure that the two choices for the decay rate Γ ensure the completion
of reheating (i.e. Ω
γ
≃ 1) within a couple of e-folds after the end of inflation. In the right column of the figure, we
have plotted the corresponding effective equation of state parameter, viz. w = (p/ρ), and also the first Hubble slow
roll parameter, viz. ǫ = −(H˙/H2), of the entire system, for the same tachyon potential. These plots, while confirming
that inflation has indeed ended and reheating has been realized, also indicate the nature of the composite matter
during the transition. We should add that a very similar behavior occurs for the potential V2(T ).
6Potential Γ ρi
γ
A B C D
V1(T ) Γ1 10
−40 5λ – – –
Γ2 10
−40 5λ 10−2 2T
0
T
0
V2(T ) Γ1 10
−40 1.43 × 10−2 λ – – –
Γ2 10
−40 10−2 λ 10−2 2T
0
T
0
TABLE II: Achieving inflation and reheating: The values of the initial energy density of radiation ρi
γ
and the parameters
describing the decay rates that we work with when the interaction of the tachyon with radiation is taken into account. For the
tachyon, we use the same values listed in the previous table. These parameters and initial conditions lead to about 60 e-folds
of slow roll inflation, the required amplitude for the perturbations, and also reheat the universe within a couple of e-folds after
inflation.
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FIG. 1: In the left column, the evolution of the quantities ΩT (in blue) and Ωγ (in red) has been plotted as a function of the
number of e-folds N for the tachyon potential V1(T ) and the two cases of Γ, viz. Γ1 = constant (on top) and Γ2 = Γ(T ) (at the
bottom), with Γ(T ) given by Eq. (16). Similarly, in the right column, the evolution of the first Hubble slow roll parameter ǫ
(in blue) and the equation of state parameter of the entire system w (in red) has been plotted as a function of the number of
e-folds for the same potential and the different cases of Γ, as indicated above. All these plots correspond to the values for the
various parameters and the initial conditions that we have listed in Tables I and II. The figures clearly illustrate the transfer
of energy from the inflaton to radiation. (Note that ǫ = 2 during the radiation dominated epoch.) We have chosen the various
parameters in such a fashion that there is a sufficiently rapid transition from inflation to radiation domination without any
intermediate regime, as suggested by the evolution of ǫ and w. We find that a very similar behavior occurs for the potential
V2(T ).
III. EQUATIONS OF MOTION GOVERNING THE SCALAR PERTURBATIONS FOR THE SYSTEM
In this section, using the first order Einstein’s equations and the equations describing the conservation of the
perturbed energy density of the tachyon and the perfect fluid, we shall arrive at the coupled, second order (in time)
differential equations governing the scalar perturbations for the system consisting of the tachyon and the fluid. For
convenience, we shall work in the uniform curvature gauge (UCG), a gauge that is also referred to, often, as the
7spatially flat gauge.
A. First order Einstein’s equations
If we take into account the scalar perturbations to the spatially flat background metric (1), then, in the UCG, the
Friedmann line-element is given by [1, 2]
ds2 = (1 + 2A) dt2 − 2 a (∂iB) dxi dt− a
2(t) dx2, (17)
where A and B are functions that describe the two degrees of freedom associated with the perturbations. Being a
scalar field, the tachyon, evidently, does not possess any anisotropic stress at the linear order in the perturbations.
We shall assume that the perfect fluid does not contain any anisotropic stress either. In such a case, at the first order
in the perturbations, Einstein’s equations in the UCG can be written as [1, 2]
−3H2A−
(
H
a
)
∇2B = (4 πG) δρ, (18)
H (∂iA) = (4 πG) (∂i δq) , (19)
H A˙+
(
2 H˙ + 3H2
)
A = (4 πG) δp, (20)
where the quantities δρ, (∂i δq), and δp denote the perturbations in the total energy density, the total momentum
flux, and the total pressure of the complete system, respectively. The absence of the anisotropic stress leads to the
following additional relation between the two functions A and B describing the scalar perturbations:
A+ a
(
B˙ + 2H B
)
= 0. (21)
For the system of our interest, viz. that of the tachyon and a perfect fluid described by a constant equation of state
parameter w
F
, the quantities δρ, δq and δp are given by
δρ = (δρ
T
+ δρ
F
) =
(
V
T
δT√
1− T˙ 2
)
+

 V T˙(
1− T˙ 2
)3/2

 ( ˙δT −A T˙)+ δρF , (22)
δq = (δq
T
+ δq
F
) =
(
V T˙ δT√
1− T˙ 2
)
− ψ
F
, (23)
δp = (δp
T
+ δp
F
) = −
(
V
T
δT
√
1− T˙ 2
)
+
(
V T˙√
1− T˙ 2
) (
˙δT −A T˙
)
+ w
F
δρ
F
, (24)
where δT denotes the perturbation in the tachyon and ψ
F
is proportional to the potential that determines the three
(i.e. the spatial) velocity of the perfect fluid1.
B. Equations of motion describing the perturbed matter components
In the UCG, at the first order in the perturbations, the equation describing the conservation of the energy density
of the component α is given by [2, 27–29]
δ˙ρ
α
+ 3H (δρ
α
+ δp
α
)−
(
1
a2
)
∇2
[
δq
α
+ (ρ
α
+ p
α
) aB
]
−Q
α
A− δQ
α
= 0, (25)
1 Usually, for a perfect fluid, the quantity δq
F
is written as [(ρ
F
+p
F
)χ
F
], where χ
F
is the potential whose spatial gradient describes the
three velocity of the fluid (see, for instance, Refs. [1, 2]). For convenience, we have instead defined the entire quantity [(ρF + pF ) χF ]
as −ψF [16]. As we shall point out later, we have ensured that suitable sub-Hubble initial conditions are imposed on ψF .
8where the quantities δρ
α
, δq
α
and δp
α
denote the perturbations at the linear order in the energy density, the momentum
flux, and the pressure of the particular component α, while Q
α
and δQ
α
indicate the rate at which the energy is
transferred to the component α and the perturbation in the rate, respectively. The equation of motion that governs
the perturbation δT in the tachyon can now be obtained upon using the expressions (22)–(24) for δρ
T
, δq
T
and δp
T
in
above equation for the conservation of the perturbed energy density. We find that the equation of motion describing
the perturbation δT is given by(
δ¨T
1− T˙ 2
)
+
[
(3H + Γ)
(
1− 3 T˙ 2
)
− 2 T˙
(
V
T
V
)]( ˙δT
1− T˙ 2
)
+
[(
d2lnV
dT 2
)
−
(
1
a2
)
∇2
]
δT
−
(
T˙ A˙
1− T˙ 2
)
+
[
6H T˙ 3 + 2
(
V
T
V
)
+ Γ T˙
(
1 + T˙ 2
)]( A
1− T˙ 2
)
−
(
T˙
a
)
(∇2B) + T˙ δΓ = 0, (26)
where δΓ denotes the first order perturbation in the decay rate. Upon using Eq. (25), we find that the equation
describing the conservation of the perturbed energy density of the fluid δρ
F
can be written as
˙δρ
F
+ 3H (1 + w
F
) δρ
F
+
(
1
a2
)
∇2ψ
F
−

ΓV T˙ (2 − T˙ 2)(
1− T˙ 2
)3/2

 ˙δT −
(
ΓV
T
T˙ 2√
1− T˙ 2
)
δT
+

 ΓV T˙ 2(
1− T˙ 2
)3/2

A−
(
(1 + w
F
) ρ
F
a
)
∇2B −
(
V T˙ 2√
1− T˙ 2
)
δΓ = 0. (27)
Also, on using Einstein’s equations (19) and (20), we obtain the following first order (in time) differential equation
for the quantity ψ
F
that describes the spatial velocity of the fluid:
ψ˙
F
+ 3H ψ
F
+ w
F
δρ
F
+ (1 + w
F
) ρ
F
A+
(
ΓV T˙√
1− T˙ 2
)
δT = 0. (28)
We should emphasize here that the above equations take into account the two possibilities of Γ (i.e. it can either be
a constant or depend on the tachyon) that we had discussed earlier.
C. The coupled perturbation variables and the initial conditions
The variables describing the perturbations in the tachyon and the fluid that we shall eventually evolve numerically
are [2, 16]
Q
T
= δT and Q
F
=
(
ψ
F√
(1 + w
F
) ρ
F
)
. (29)
We have already obtained a second order differential equation (in time) describing the evolution of Q
T
[viz. Eq. (26)].
A similar equation for Q
F
can be obtained by differentiating Eq. (28) with respect to time, and upon using Eq. (27)
that describes the conservation of the perturbed energy density of the fluid. Then, on utilizing the first order Einstein’s
equations (18), (19) and (21) to eliminate the scalar metric perturbations A and B, we can arrive at a set of coupled,
second order (in time, again!) differential equations for the quantities Q
T
and Q
F
.
For simplicity, let us first discuss the case wherein the decay rate Γ is a constant. We shall later indicate as to how
certain coefficients in the differential equations change when Γ is assumed to be dependent on the tachyon. Upon
suitably using the background equations (2), (9) and (13), we find that the differential equations satisfied by the
perturbation variables Q
T
and Q
F
can be written as
Q¨
α
+
∑
β
(
F
αβ
Q˙
β
+ G
αβ
Q
β
)
= 0, (30)
9where, as before, (α, β) = (T, F ). The coefficients F
αβ
and G
αβ
appearing in the above equations are given by
F
TT
= (3H + Γ)
(
1− 3 T˙ 2
)
− 2 T˙
(
V
T
V
)
, (31)
F
TF
=
(
4 πG
H
)[
1−
(
1− T˙ 2
w
F
)]
T˙
√
(1 + w
F
) ρ
F
, (32)
F
FT
=
(
V T˙√
1− T˙ 2
)[(
4 πG
H
){
1−
(
w
F
1− T˙ 2
)}√
(1 + w
F
) ρ
F
+
{
1 + w
F
(
2− T˙ 2
1− T˙ 2
)}(
Γ√
(1 + w
F
) ρ
F
)]
, (33)
F
FF
= 3H +
(
ΓV T˙ 2√
1− T˙ 2
)(
1
ρ
F
)
, (34)
G
TT
=
(
1− T˙ 2
) [(d2lnV
dT 2
)
−
(
1
a2
)
∇2
]
+
(
4 πG
H
)(
V T˙√
1− T˙ 2
)[(
2− T˙ 2
)(2V
T
V
)
+
(
2 + T˙ 2
)
(3H + Γ) T˙ −
(
Γ T˙
w
F
)(
1− T˙ 2
)]
−
(
4 πG
H
)2 [(
2V 2 T˙ 4
1− T˙ 2
)
−
(
V T˙ 2√
1− T˙ 2
){
1 +
(
1− T˙ 2
w
F
)}
(1 + w
F
) ρ
F
]
, (35)
G
TF
=
(
4 πG
H
)[
−
(
3H T˙
2
){
1 +
(
1− T˙ 2
w
F
)}
(1 + w
F
) +
(
1
2 ρ
F
){
1−
(
1− T˙ 2)
w
F
)}(
ΓV T˙ 3√
1− T˙ 2
)
−
{
6H T˙ 3 + 2
(
V
T
V
)
+ (Γ T˙ )
(
1 + T˙ 2
)}]√
(1 + w
F
) ρ
F
+
(
4 πG
H
)2 [(
2V T˙ 3√
1− T˙ 2
)
+
{
1 +
(
1− T˙ 2
w
F
)}
T˙ [(1 + w
F
) ρ
F
]
]√
(1 + w
F
) ρ
F
, (36)
G
FT
= −
(
4 πG
H
) [{
1 +
(
w
F
1− T˙ 2
)}
[(1 + w
F
) ρ
F
] V
T
√
1− T˙ 2
+
(
3H V T˙√
1− T˙ 2
)
(1 + w
F
)
2
ρ
F
−
(
ΓV 2 T˙ 3
1− T˙ 2
){
1−
(
w
F
T˙ 2
1− T˙ 2
)}](
1√
(1 + w
F
) ρ
F
)
−
(
4 πG
H
)2 [(
V 2 T˙ 3
1− T˙ 2
){
1 +
(
w
F
1− T˙ 2
)}
[(1 + w
F
) ρ
F
]−
(
2V T˙√
1− T˙ 2
)
[(1 + w
F
) ρ
F
]
2
](
1√
(1 + w
F
) ρ
F
)
+
(
ΓV√
1− T˙ 2
)[(
V
T
V
) (
1− T˙ 2
)
−
(
V
T
V
)
w
F
T˙ 2 + Γ T˙ − 3H w
F
T˙
](
1√
(1 + w
F
) ρ
F
)
, (37)
G
FF
= −
(w
F
a2
)
∇2 +
(
9H2
4
)(
1− w2
F
)
+
(
4 πG
H
)[(
3H
2
)
(1 + w
F
) (1 + 3w
F
) ρ
F
+
(
3H
2
)(
V T˙ 2√
1− T˙ 2
)
(w
F
− 1)−
(
ΓV T˙ 2√
1− T˙ 2
){
1−
(
w
F
T˙ 2
1− T˙ 2
)}]
−
(
4 πG
H
)2 [(
V T˙ 2√
1− T˙ 2
){
1 +
(
w
F
1− T˙ 2
)}
[(1 + w
F
) ρ
F
] + 2 [(1 + w
F
) ρ
F
]
2
]
−
(
ΓV T˙√
1− T˙ 2
)[(
Γ T˙
2 ρ
F
)(
2− T˙ 2
)
+
(
V
T
V
)(
1− T˙ 2
ρ
F
)
−
(
3H T˙
2 ρ
F
)(
w
F
+ T˙ 2
)
+
(
ΓV T˙ 3
4 ρ2
F
√
1− T˙ 2
)]
. (38)
As we had pointed out, the coefficients F
αβ
and G
αβ
above have been derived assuming that the decay rate Γ is a
constant. For the case wherein the decay rate is a function of the tachyon, the coefficients G
TT
and G
FT
are modified
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to
G
TT
→ G
TT
+
(
1− T˙ 2
)
T˙ Γ
T
, (39)
G
FT
→ G
FT
+
(
V T˙ 2√
1− T˙ 2
) (
w
F√
(1 + w
F
) ρ
F
)
Γ
T
, (40)
where Γ
T
≡ (d Γ/dT ). The other coefficients remain unaffected in this case.
We should mention here that we have checked that we indeed recover the standard equations in the different limiting
cases from the coupled equations (30) for Q
T
and Q
F
. For instance, when the fluid is ignored and the decay rate
is assumed to vanish, the equation for the variable Q
T
reduces to the equation that has been derived earlier in the
literature for describing the perturbation in the tachyon (see, for instance, Refs. [4, 21, 25]). Moreover, when the
tachyon is assumed to vanish and its coupling to the fluid is also ignored, we find that we arrive at the well-known
equation governing the fluid perturbation, as required [1, 2].
IV. EFFECTS OF REHEATING ON THE SCALAR POWER SPECTRUM
In this section, we shall discuss the effects of reheating on the large scale curvature perturbations and the scalar
power spectrum. We shall also investigate the behavior of the non-adiabatic pressure perturbations at large scales,
when reheating is achieved through the two different choices for the decay rate.
A. Evolution of the curvature perturbations and the scalar power spectrum
We shall solve the coupled equations (30) for the two variables Q
T
and Q
F
numerically. Imposing the standard
Bunch-Davies initial conditions, we shall evolve the perturbations from the sub-Hubble to the super-Hubble scales,
and analyse the effects of the transition from inflation to the radiation dominated epoch on the evolution of the large
scale perturbations. We shall compute the scalar power spectrum at the end of inflation and soon after reheating is
complete. Let us begin by quickly summarizing the essential quantities of interest and the initial conditions that we
shall be imposing.
Let R
T
and R
F
denote the curvature perturbations associated with the tachyon and the fluid, respectively. We
find that these curvature perturbations are related to the variables Q
T
and Q
F
as follows [2, 4, 21, 25]:
R
T
=
(
H
T˙
)
δT =
(
H
T˙
)
Q
T
, (41)
R
F
= −
(
H
ρ
F
+ p
F
)
ψ
F
= −
(
H√
(1 + w
F
) ρ
F
)
Q
F
. (42)
The total curvature perturbation of the system, say, R, can then be expressed as a weighted sum of the individual
curvature perturbations in the following fashion (see, for instance, Refs. [28, 29]):
R =
∑
α
(
ρ
α
+ p
α
ρ+ p
)
R
α
. (43)
Therefore, for our system of interest, the total curvature perturbation is given by
R = H
[(
V T˙ 2√
1− T˙ 2
)
+ [(1 + w
F
) ρ
F
]
]−1 [(
V T˙√
1− T˙ 2
)
Q
T
−
√
[(1 + w
F
) ρ
F
] Q
F
]
. (44)
The scalar power spectrum is then defined in terms of the Fourier mode Rk of the total curvature perturbation as
P
S
(k) =
(
k3
2 π2
)
|Rk|
2. (45)
The Mukhanov-Sasaki variables, say, v
T
and v
F
, associated with the tachyon and the fluid are related to the
corresponding curvature perturbations as follows:
v
T
= (R
T
z
T
) and v
F
= (R
F
z
F
) , (46)
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where the quantities z
T
and z
F
are given by [1, 2, 4, 21]
z
T
=
(
3
8 πG
)1/2(
a T˙√
1− T˙ 2
)
and z
F
=
( a
H
) [(1 + w
F
) ρ
F
w
F
]1/2
. (47)
As is usually done, we shall impose the following initial conditions on the Fourier modes of the perturbation variables
v
T
and v
F
:
vk =
(
1
2ωk
)1/2
and v˙k = −
(
i
a
) (ωk
2
)1/2
, (48)
where
ω2k =
[
(k c
S
)
2
− a2 {(z¨/z) + (H z˙/z)}
]
, (49)
with c2
S
= (1 − T˙ 2) in the case of the tachyon and c2
S
= w
F
in the case of the fluid. Also, we shall impose these
conditions when the modes are well inside the Hubble radius during the inflationary epoch. We shall transform
these initial conditions to the corresponding conditions on the variables Q
T
and Q
F
when numerically integrating the
coupled equations (30).
We shall focus on modes that correspond to cosmological scales today. We shall choose our parameters in such a
fashion that modes spread over four orders of magnitude (say, 10−4 . k . 1 Mpc−1) leave the Hubble radius during
the early stages of inflation (they actually leave during 5 . N . 15). As we have discussed earlier, for our choice of
the parameters and initial conditions on the background variables, reheating is achieved after about 65 odd e-folds
(also see Fig. 1). Moreover, the transition from inflation to radiation domination occurs within about 2-3 e-folds after
inflation has terminated. We evaluate the scalar power spectrum towards the end of inflation as well as soon after the
transition to the radiation dominated epoch is complete. In the left column of Fig. 2, we have plotted the evolution of
the amplitudes of the individual (viz. |R
T
| and |R
γ
| corresponding to the tachyon and radiation, respectively) as well
as the total curvature perturbation (i.e. |R|) for a typical cosmological scale (we have chosen k = 0.1 Mpc−1) across
the transition from inflation to radiation domination. And, in the right column of the figure, we have plotted the
scalar power spectrum (constructed out of the total curvature perturbation) evaluated before and after the transition.
It is evident from the plots that the amplitude of the total curvature perturbation remains unaffected during reheating
when the decay rate Γ is either a constant or is a function of the tachyon. These results confirm similar conclusions
that have been arrived at earlier based on the first order (in time) super-Hubble equations [11].
B. Evolution of the entropy perturbations
In this section, we shall discuss the evolution of the entropic (i.e. the non-adiabatic pressure) perturbations across
the transition from inflation to the radiation dominated epoch.
Let us recall the key quantities and equations. In the UCG, the gauge invariant Bardeen potential Φ is given by
Φ = A+ a
(
B˙ +H B
)
. (50)
Upon using the first order Einstein’s equations (18), (20) and (21), it can be shown that the Bardeen potential satisfies
the differential equation [1, 2]
Φ¨ +
(
4 + 3 c2
A
)
H Φ˙ +
[
2 H˙ + 3H2
(
1 + c2
A
)]
Φ−
(
c2
A
a2
)
∇2Φ = (4 πG) δpNA , (51)
where c2
A
= (p˙/ρ˙) denotes the adiabatic speed of sound in the composite system, and the quantity δpNA is the
non-adiabatic pressure perturbation defined as
δpNA =
(
δp− c2
A
δρ
)
. (52)
Using Einstein’s equations (19) and (21), the total curvature perturbation R of the system can be written in terms
of the Bardeen potential Φ as follows [1, 2]:
R = Φ+
(
2 ρ
3H
)(
Φ˙ +H Φ
ρ+ p
)
. (53)
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FIG. 2: In the left column, the evolution of the amplitudes of the curvature perturbations associated with the tachyon (|RT |,
in blue) and radiation (|Rγ |, in red) as well as the weighted sum of the two (|R|, in green) has been plotted as a function of the
number of e-folds N for the two possible cases of Γ, viz. Γ1 = constant (on top) and Γ2 = Γ(T ) (at the bottom). In these plots,
we have chosen a typical cosmological scale with the wavenumber k = 0.1 Mpc−1. Clearly, the amplitude of the total curvature
perturbation remains constant across the transition in both the cases. In the right column, the scalar power spectrum has
been plotted towards the end of inflation (in blue) and soon after complete reheating has been achieved (in red) for the two
cases of Γ, as mentioned above. These plots unambiguously illustrate that the amplitude of the nearly scale invariant power
spectrum is unaffected in both the cases. (In these plots, the blue line lies right beneath the red one!) Note that all these plots
correspond to the potential V1(T ) with values for the various parameters and the initial conditions that are listed in Tables I
and II. We find that a very similar behavior occurs for the potential V2(T ).
On substituting this expression for the curvature perturbation in Eq. (51) that governs the evolution of the Bardeen
potential Φ and making use of the background equations, one can arrive at the well-known equation
R˙ = −
(
H
H˙
)[
(4 πG) δpNA +
(
c2
A
a2
)
∇2Φ
]
. (54)
This equation clearly suggests that, at super-Hubble scales, any change in the amplitude of the curvature perturbations
has to be due to the non-trivial evolution of the non-adiabatic pressure perturbation δpNA .
The perfect fluid, by definition, does not possess any intrinsic entropy perturbation. Therefore, the non-adiabatic
pressure perturbation δpNA of our composite system depends on the intrinsic non-adiabatic pressure perturbation of
the tachyon, say, δpNA
T
, and the relative non-adiabatic pressure perturbation between the tachyon and the perfect fluid
(i.e. the isocurvature perturbation), which we shall denote as δpNA
TF
. Hence, we can write
δpNA =
(
δpNA
T
+ δpNA
TF
)
, (55)
where the quantity δpNA
T
is defined as (see, for instance, Ref. [4])
δpNA
T
=
(
δp
T
− c2
T
δρ
T
)
(56)
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with c2
T
= (p˙
T
/ρ˙
T
). The relative non-adiabatic pressure perturbation δpNA
TF
is then given by (see, for instance,
Refs. [11, 30, 31])
δpNA
TF
= (3H + Γ)
(
w
F
− c2
T
)(ρ
T
+ p
T
ρ+ p
)[
(ρ
F
+ p
F
)− (Γ/3H) (ρ
T
+ p
T
)
] [(δρ
T
ρ˙
T
)
−
(
δρ
F
ρ˙
F
)]
. (57)
Upon using the expressions (22) and (24), and Einstein’s equations (18), (20) and (21), we find that we can write the
quantities δρ
T
, δp
T
and δρ
F
in terms of the variables Q
T
and Q
F
as follows:
δρ
T
=


(
V
T√
1− T˙ 2
)
−
(
4 πG
H
)  V 2 T˙ 3(
1− T˙ 2
)2



QT +

 V T˙(
1− T˙ 2
)3/2

 Q˙T
+
(
4 πG
H
)  V T˙ 2(
1− T˙ 2
)3/2

√(1 + wF ) ρF QF , (58)
δp
T
= −
[
V
T
√
1− T˙ 2 +
(
4 πG
H
) (
V 2 T˙ 3
1− T˙ 2
)]
Q
T
+
(
V T˙√
1− T˙ 2
)
Q˙
T
+
(
4 πG
H
) (
V T˙ 2√
1− T˙ 2
) √
(1 + w
F
) ρ
F
Q
F
, (59)
δρ
F
= −
[(
4 πG
H
) (
V T˙√
1− T˙ 2
)
(1 + w
F
)
(
ρ
F
w
F
)
+
(
ΓV T˙
w
F
√
1− T˙ 2
)]
Q
T
−
[(
3H
2w
F
)
(1− w
F
)
√
(1 + w
F
) ρ
F
+
(
ΓV T˙ 2√
1− T˙ 2
)(
1 + w
F
4w2
F
ρ
F
)1/2
−
(
4 πG
H
)(
1
w
F
)
[(1 + w
F
) ρ
F
]3/2
]
Q
F
−
(
1
w
F
) √
(1 + w
F
) ρ
F
Q˙
F
. (60)
These three relations allow us to express the non-adiabatic pressure perturbations δpNA
T
and δpNA
TF
in terms of Q
T
,
Q
F
, and their time derivatives.
In Fig. 3, we have plotted the amplitudes of the Bardeen potential (i.e. |Φ|) and the non-adiabatic pressure per-
turbations (viz. |δpNA
T
| and |δpNA
Tγ
|) as a function of the number of e-folds. For convenience in numerical computation,
we have chosen a very small scale mode (corresponding to k = 1016 Mpc−1) that leaves the Hubble radius around
58 e-folds or so during inflation2. The following points are evident from these two plots. To begin with, barring a
very small change in its amplitude—which is expected during the transition from inflation to the radiation dominated
epoch—the Bardeen potential Φ remains a constant at super-Hubble scales. Secondly, it is clear from the plots that
the intrinsic entropy perturbation associated with the tachyon |δpNA
T
| decays as e−(2N) at super-Hubble scales during
inflation, a result that is well known in the literature (see, for instance, Refs. [3, 4]). Lastly, and interestingly, we find
that the isocurvature perturbation |δpNA
Tγ
| behaves in almost the same fashion as the intrinsic entropy perturbation
both before and after the transition, a feature that has been noticed earlier [31]. While they both behave as e−(2N) at
super-Hubble scales before the transition, they die down extremely rapidly (roughly as e−(80N)!) during the radiation
dominated epoch. It is these behavior which ensure that the amplitude of the total curvature perturbation remains
unaffected.
2 The amplitude of the non-adiabatic pressure perturbations corresponding to the cosmological scales (i.e. 10−4 . k . 1 Mpc−1) prove
to be very small when they are well outside the Hubble radius. As a result, evolving these reliably until the transition to the radiation
dominated epoch requires considerable numerical accuracy, which is difficult to achieve. For this reason, to illustrate the evolution of
the non-adiabatic pressure perturbations, we choose to work with a very small scale mode that leaves the Hubble radius close to the end
of inflation. Since the inflationary epoch is of the slow roll type for all the e-folds, the non-adiabatic pressure perturbations associated
with the cosmological scales can be expected to behave in a fashion similar to that associated with such a small scale mode.
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FIG. 3: The evolution of the amplitudes of the Bardeen potential |Φ| (in green), the intrinsic entropy perturbation |δpNA
T
| (in
blue) and the isocurvature perturbation |δpNA
Tγ
| (in red) has been plotted as a function of the number of e-folds N for the two
cases of Γ, as in the previous two figures. For computational reasons, we have chosen a very small scale mode with wavenumber
k = 1016 Mpc−1 that exits the Hubble radius during inflation around 58 e-folds or so. Also, we have normalized the values of
all the three quantities to be unity at Hubble exit. Clearly, while the Bardeen potential remains nearly a constant across the
transition, both the intrinsic entropy and the isocurvature perturbations decay in almost the same fashion before as well as
after the transition. The dashed lines in black and cyan indicate the e−(2N) and e−(80N) behavior, respectively. Interestingly,
the non-adiabatic pressure perturbations die down extraordinarily rapidly after reheating is complete. It is these decay which
ensure that the amplitude of the total curvature perturbation remains unaffected. Note that these plots correspond to the
potential V1(T ) with values for the various parameters and the initial conditions that we have used in the last two figures. As
in the earlier figures, we find that a very similar behavior occurs for the potential V2(T ).
V. SUMMARY AND DISCUSSION
In this work, we have studied the evolution of perturbations in an interacting system consisting of a tachyon and
radiation. Treating the tachyon as an inflaton, we have investigated the effects of reheating—i.e. the perturbative
transfer of energy from the tachyon to radiation—on the large scale curvature perturbations. We have shown that the
transition does not alter the amplitude of the total curvature perturbation of the system when the rate describing the
decay of the inflaton into radiation is either a constant or a function of the tachyon. We have also illustrated that,
before the transition to the radiation dominated epoch, the relative non-adiabatic pressure perturbation between the
tachyon and radiation decays in a fashion very similar to that of the intrinsic entropy perturbation associated with
the tachyon. Moreover, we have shown that, after the transition, the relative non-adiabatic pressure perturbation
between the tachyon and radiation dies down extremely rapidly during the early stages of the radiation dominated
epoch. It is these behavior which ensure that the amplitude of the curvature perturbations remain unaffected during
reheating.
It may be considered an overkill to integrate the second order differential equations rather than work with the
much simpler first order equations [11, 27, 28]. Our motivations were threefold. Importantly, our effort allowed us to
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cross-check certain previous results [11]. Also, our aim is to later study the effects of deviations from slow roll inflation
as well as the effects of the modified dynamics close to the transition to the radiation dominated epoch on the small
scale perturbations. As we had mentioned in the introduction, these effects can have interesting implications for the
number density of primordial black holes that are formed towards the end of inflation [7]. Moreover, in possibilities
such as the warm inflationary scenario, the decay rate, in addition to depending on the inflaton, can also depend on
the temperature (see, for example, Refs. [25, 26, 32]). In such a case, the transfer of the energy from the inflaton to
radiation may affect the amplitude and possibly the spectral index as well [17].
We would like to conclude by commenting on our choice for Γ(T ). As we had pointed out earlier, our choices were
motivated by convenience in numerical evolution rather than physics. Obviously, better motivated functional forms
of these quantities need to be investigated. We are currently exploring such issues.
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Appendix A: The case of the canonical scalar field and a perfect fluid
In this appendix, we shall illustrate the corresponding effects for the case of the canonical scalar field model that
was considered recently in the literature [16]. We shall rapidly summarize the essential equations describing the
background evolution and the perturbations, and present the results.
1. Background equations
In the case of a canonical scalar field, say, φ, that is interacting with a perfect fluid, if one assumes that Q
F
= (Γ φ˙2),
then Eq. (6) that describes the conservation of the energy density of the fluid is given by
ρ˙
F
+ 3H (1 + w
F
) ρ
F
= Γ φ˙2. (A1)
Then, Eq. (7) implies that Q
φ
= −Q
F
= −(Γ φ˙2) and, hence, the continuity equation governing the energy density
ρ
φ
of the scalar field reduces to
ρ˙
φ
+ 3H
(
ρ
φ
+ p
φ
)
= −Γ φ˙2, (A2)
where p
φ
denotes the pressure of the field. The energy density and pressure associated with the canonical scalar field
are given by
ρ
φ
=
1
2
φ˙2 + V (φ) and p
φ
=
1
2
φ˙2 − V (φ). (A3)
Upon using these expressions in the continuity equation (A2), we arrive at the following equation of motion governing
the scalar field [15–17]:
φ¨+ 3H φ˙+ Γ φ˙+ Vφ = 0, (A4)
where V
φ
≡ (dV/dφ).
2. Equations governing the scalar perturbations
Upon using the expressions for the perturbed energy density, momentum flux and pressure of the scalar field in
Eq. (25), we can arrive at the equation of motion for the perturbation in the scalar field, say, δφ, exactly as we did
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for the perturbation in the tachyon. In the UCG, we find that δφ satisfies the differential equation
δ¨φ+ (3H + Γ) ˙δφ+
[
V
φφ
−
(
1
a2
)
∇2
]
δφ− φ˙ A˙+
(
2V
φ
+ Γ φ˙
)
A−
(
φ˙
a
)
(∇2 B) + φ˙ δΓ = 0, (A5)
where V
φφ
=
(
d2 V/dφ2
)
and, as before, δΓ denotes the first order perturbation in the decay rate. Again, on using
Eq. (25), we find that the equation describing the conservation of the perturbed energy density of the fluid δρ
F
can
be written as
˙δρ
F
+ 3H (1 + w
F
) δρ
F
+
(
1
a2
)
∇2ψ
F
− 2 Γ φ˙ ˙δφ+ Γ φ˙2A−
[
(1 + w
F
) ρ
F
a
] (
∇2B
)
− φ˙2 δΓ = 0. (A6)
Also, from the first order Einstein’s equations (19) and (20), we can arrive at the following differential equation for
the quantity ψ
F
that describes the spatial velocity of the fluid:
ψ˙
F
+ 3H ψ
F
+ w
F
δρ
F
+ (1 + w
F
) ρ
F
A+ Γ φ˙ δφ = 0. (A7)
The perturbation variables that we shall evolve numerically are Q
φ
= δφ and the quantity Q
F
that we had
introduced earlier [cf. Eq. (29)]. As in the case of the tachyon and the perfect fluid, using the background equations,
the first order Einstein’s equations for the system and the energy conservation equations for the scalar field and the
fluid, we can arrive at the coupled second order differential equations (30) for Q
φ
and Q
F
, with (α, β) = (φ, F ) [16].
For the case wherein the decay rate Γ is a constant, the coefficients F
αβ
and G
αβ
are now given by
F
φφ
= (3H + Γ) , (A8)
F
φF
=
(
4 πG
H
)(
w
F
− 1
w
F
)
φ˙
√
(1 + w
F
) ρ
F
, (A9)
F
Fφ
=
(
4 πG
H
)
φ˙ (1− w
F
)
√
(1 + w
F
) ρ
F
+ (1 + 2w
F
)
(
Γ φ˙√
(1 + w
F
) ρ
F
)
, (A10)
F
FF
= 3H +
(
Γ φ˙2
ρ
F
)
, (A11)
G
φφ
= V
φφ
−
(
1
a2
)
∇2 +
(
4 πG
H
)[
4V
φ
φ˙+ 2 (3H + Γ) φ˙2 −
(
Γ φ˙2
ρ
F
)]
−
(
4 πG
H
)2
φ˙2
[
2 φ˙2 +
(
(1 + w
F
)2
w
F
)
ρ
F
]
, (A12)
G
φF
=
(
4 πG
H
)[
−
(
3H φ˙
2
) (
(1 + w
F
)
2
w
F
)
+
(
1
2 ρ
F
)(
w
F
− 1
w
F
)
Γ φ˙3 − 2V
φ
− Γ φ˙
]√
(1 + w
F
) ρ
F
+
(
4 πG
H
)2
φ˙
[
2 φ˙2 +
(
(1 + w
F
)
2
w
F
)
ρ
F
] √
(1 + w
F
) ρ
F
, (A13)
G
Fφ
= −
(
4 πG
H
)[
V
φ
(1 + w
F
)2 ρ
F
+ 3H V
φ
φ˙ (1 + w
F
)2 ρ
F
− Γ φ˙3
]( 1√
(1 + w
F
) ρ
F
)
+
(
4 πG
H
)2 (
φ˙2 + 2 ρ
F
)((1 + w2
F
)
ρ
F
φ˙√
(1 + w
F
) ρ
F
)
−
(
Γ√
(1 + w
F
) ρ
F
)(
V
φ
− 3H w
F
φ˙+ Γ φ˙
)
, (A14)
G
FF
= −
(w
F
a2
)
∇2 +
(
9H2
4
) (
1− w2
F
)
+
(
4 πG
H
)[(
3H
2
)
(1 + w
F
) (1 + 3w
F
) ρ
F
+
(
3H
2
)
φ˙2 (w
F
− 1)− Γ φ˙2
]
−
(
4 πG
H
)2[
(1 + w
F
)
2
ρ
F
φ˙2 + 2 ((1 + w
F
) ρ
F
)
2
]
−
(
Γ φ˙
ρ
F
)[
V
φ
+ Γ φ˙−
(
3H
2
)
w
F
φ˙+
(
Γ φ˙3
4 ρ
F
)]
. (A15)
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FIG. 4: In the left column, the evolution of the quantities Ω
φ
(in blue) and Ωγ (in red) has been plotted as a function of
the number of e-folds N for the two types of Γ, as discussed in the earlier figures. In the right column, we have plotted the
evolution of the first Hubble slow roll parameter ǫ (in blue) and the equation of state parameter w of the entire system (in red).
We have considered the popular quadratic potential to describe the scalar field, and we have worked with suitable parameters
and initial condition to arrive at the required behavior. These plots clearly illustrate the transfer of energy from the inflaton
to radiation. We should point out that the oscillations in the plots arise due the oscillations by the field at the bottom of the
potential, a feature that does not arise in the case of the tachyon.
For the case wherein the decay rate is a function of the scalar field, the coefficients G
φφ
and G
Fφ
are modified to
G
φφ
→ G
φφ
+ φ˙ Γ
φ
, (A16)
G
Fφ
→ G
Fφ
+
(
w
F√
(1 + w
F
) ρ
F
)
φ˙2 Γ
φ
, (A17)
where Γ
φ
≡ (d Γ/dφ). The other coefficients remain unchanged.
3. Results
In Fig. 4, we have illustrated the transition from inflation to the radiation dominated epoch by plotting the
dimensionless energy density parameters Ω
φ
and Ω
γ
for the two possible types of decay. We have also plotted the
evolution of the first Hubble slow roll parameter ǫ and the equation of state parameter w for the entire system. Note
that we have considered the quadratic potential V (φ) = (m2 φ2/2), and have chosen suitable values for the parameters
and initial conditions to achieve the desired behavior. And, in Fig. 5, as in the case of the tachyon discussed in the
text, we have plotted the evolution of the amplitudes of the individual and the total curvature perturbations, as well
as the scalar power spectrum before and after the transition. It is evident from these two figures that the conclusions
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FIG. 5: In the left column, the evolution of the amplitudes of the curvature perturbations associated with the scalar field
(|R
φ
|, in blue), radiation (|Rγ |, in red) and the total curvature perturbation of the entire system (|R|, in green) has been
plotted as a function of the number of e-folds N for the two types of the decay rate. For illustration, we have again chosen a
typical cosmological mode with wavenumber k = 0.01 Mpc−1. In the right column, as before, we have plotted the scalar power
spectrum before (in blue) and after (in red) the transition. It is evident that, as in the case of the tachyon, the amplitude of
the nearly scale invariant power spectrum remains unaffected for both types of the decay rate.
we had arrived at for the tachyon apply equally well to the case involving the canonical scalar field as well.
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